Fundamental understanding of the oxygen reduction reaction (ORR) electrocatalyzed by nitrogen-doped carbon requires a well-defined structure to correlate structure to function. Wellcharacterized N-doped graphitic nanostructures derived from benzene derivatives have been synthesized in our group, and shown to catalyze a four-electron ORR under alkaline conditions. Density functional theory calculations have been performed on a model N-doped graphitic nanostructure, C50N2H20, to determine an oxygen activation mechanism. With guidance through an experimentally determined Pourbaix diagram, DFT calculations clearly indicate that the catalyst must undergo a 2e − ,1H + reduction to generate a reactive carbanionic intermediate that activates oxygen with a spin inversion.
INTRODUCTION
The standard catalyst for the oxygen reduction reaction (ORR) is Pt on carbon supports [1] , but several factors limit its commercial use. The most glaring obstacle of commercial Pt-based catalysts is the high cost and low abundance of Pt. While there is a broad effort to improve nonprecious metal catalysts for commercial viability [2, 3] , nitrogen-doped carbon based materials are also an extensively studied alternative to precious metals [2, 4] . N-doped graphitic carbon nanostructures have been synthesized in our group and shown to catalyze the four-electron pathway of the ORR under alkaline conditions [5] . These nanostructures are thoroughly characterized, providing a well-defined structure that allows mechanistic studies to be carried out on the elementary steps of the ORR. The nanostructures and their linear sweep voltammograms are shown in Figure 1 . Each nanostructure has the same configuration with two pyridinic nitrogen atoms, but differs in the increasing size of the graphitic domain. As the size of the nanostructure increases, there is an observed positive shift in the onset potential for the ORR, and the current density increases.
The pH dependence of the ORR for these nanostructures shows that the catalyst loses most of its electrocatalytic activity below a pH of 11. Experiments measured the change in current density within a pH range of 11-14 and found that the reciprocal of the current density increased linearly with proton concentration, suggesting competition between protonation of a key intermediate and some elementary step in the ORR. To help explain the experimental observations, theoretical investigations can be conducted to determine the possible mechanistic steps of the ORR of these N-doped graphitic nanostructures. The first step to be addressed by these computations is oxygen activation. Oxygen activation pertains to two vital aspects of catalyzing the ORR: the selection of the active site and initial electron transfer to dioxygen. Without a catalyst, O2 can be reduced to O2 − with an applied potential of −0.57 V vs SCE. This endothermic process must be circumvented to lower the overpotential and improve the rate of oxygen reduction. Of all the possible nitrogen functionalities that can be present in N-doped carbon, pyridinic nitrogen is considered one of the most important [6, 7] . One proposed role of nitrogen is that it acts as an electron withdrawing group, to generate electron deficient carbon atoms that are prone to nucleophilic attack by dioxygen [8] . No matter the active site, it must have favorable oxygen activation to overcome the burden of initial electron transfer.
The following work investigates the well-defined C50N2H20 (iii in Figure 1 ) nanostructure for possible avenues of oxygen activation. This structure has two pyridinic nitrogen atoms and has shown electrocatalytic activity for the ORR in alkaline conditions. Through a combination of density functional theory calculations and experiments, an oxygen activation mechanism is proposed.
THEORY
All the calculations were conducted with the Gaussian-09 program suite [9] and the M06-2X density functional [10] . The geometries, vibrational frequencies, thermal corrections (at 298.15 K), and entropic quantities were obtained using the 6-31G(d,p) basis set for carbon and hydrogen atoms and the 6-31+G(d,p) basis set for the nitrogen and oxygen atoms [11] [12] [13] [14] [15] [16] . The solvation energy was obtained with the SMD solvation model [17] with the 6-31+G(d,p) basis set. Singlepoint energies were obtained with the larger 6-311+G(2df,p) basis set. Free energies were obtained by adding the thermally corrected Gibbs free energy to the calculated solvation energy of the molecule. The rest of this section describes the derivation of the free energy from these calculations with the rigorous maintenance of the standard state. In the structure of iii, calculations were done with a hydrogen atom replacing the trialkylphenyl group (R) to reduce computational costs. This moiety is not expected to contribute to the electronic structure of the catalyst.
The Gibbs free energy of chemical species (per molecule) in an aqueous environment ( ) is obtained by adding the free energy of the species ( ( ) ) in the gas phase to the solvation free energy (Δ ). 1 M is used as the standard state unless otherwise noted.
where ( ) is the aqueous free energy of the molecule at 298.15 K and a concentration of 1M, and ( ) is the free energy of the molecule at 298.15 K and pressure of 1 atm calculated as
Here ( ), is the gas phase electronic energy of the molecule with the large 6-311+G(2df,p) basis set, and ,( ) is the thermal correction derived from the frequency analysis. To calculate the solvation free energy Δ , it is assumed that the geometry of the species and the vibrational frequencies in an aqueous environment is the same as those in vacuum. Thus Δ contains two terms
where Δ * is the work done by solvating a molecule in water and Δ → * is the free energy change associated with changing the standard state from 1 atm in the gas phase to 1M concentration in solution. The molar volume of a gas at 1 atm is 24.46 L, entering the 1M solution state reduces this volume to 1 L. The resulting free energy correction is given by
Δ * is obtained from the calculated gas phase and solvation energies at the same geometry. The frequency calculation is only done in the gas phase, so the thermal corrections for the solvated energy and those for the gas phase energy cancel each other. This is not the case for the nitrogendoped graphene quantum dots and will be discussed below.
Δ
* is calculated with
where is the energy obtained with the SMD solvation model and 6-31+G(d,p) basis set and
is the gas phase energy obtained with the basis set 6-31+G(d,p). Additional factors may need to be applied for nonstandard states and will be discussed below as necessary.
The nitrogen-doped graphene quantum dots are insoluble in water and stay in a solid phase in an aqueous environment. The graphene molecule's volume will change from 24.46 L to the molar volume of the solid. This quantity is not known, but will cancel when ΔG of a reaction involving the graphene is calculated because the volume change between the graphene intermediates is negligible.
The expressions for the thermal correction to the Gibbs free energy in the gas phase and solvated solid are as follows:
,( ) = + − ( + )
where Et, Er, Ev, and Ee are the internal thermal energies of translation, rotation, vibration, and electronic degrees of freedom, respectively. St, Sr, Sv, and Se are the corresponding entropies, k is the Boltzmann constant, and T is the temperature. The translational thermal energy, rotational thermal energy, translational entropy, rotational entropy and PV work is assumed to be zero for a solid. The error caused by this assumption cancels when ΔG of a reaction is calculated since the rotational and translational effects are practically equal for the different graphene molecules. Thus the solvation free energy of the solid graphene molecule can be written as:
where , is the molar volume of the solid, but this term is not important since it will cancel in the calculation of the reaction free energies. Adding this solvation term to the 6-311+G(2df,p) gas phase free energy will give the solvated free energy of the graphene molecule solid ( ( ) ).
When needed, the following thermodynamic cycle was used to calculate of deprotonation of a species A,
+ ( ) was obtained by adding a widely-accepted proton solvation energy of −265.9 kcal/mol [18] (i.e., −11.5306 eV per proton) to the free energy of a proton in gas phase. The latter contains the entropy term and the translational kinetic energy of a proton (3/2•kT) with kT added to obtain the enthalpy. The absolute entropy of a proton is obtained with the Sackur-Tetrode equation, −108.9 J/mol•K [19] (−1.1287×10 −3 eV/K). Adding this correction to the free energy of hydration of a proton (−11.5306 eV) and including the energy to move 1 atm of H + (g) to 1M H + (aq) (0.0821 eV) gives the free energy of a proton at 298.15 K and 1M, which is −11.7208 eV. Graphene nanostructures participating in these reactions are not soluble in water and are given activities of 1. The proton concentration is assumed to be 1 M.
Reduction potentials were calculated using
where ∆ 1 2 ⁄ is the change in free energy of the half reaction, is the number of electrons transferred, is the number of protons transferred, F is the Faraday constant, and is the reference electrode absolute voltage. The standard hydrogen electrode's (SHE) absolute potential of 4.281 V [20] is used and a conversion to the saturated calomel electrode scale is done through a shift of −0.244 V. For each pair of H + and e − , the free energy of H½(g) is used.
DISCUSSION

Oxygen binding to the N-doped graphitic nanostructure
For all of the calculations discussed in this work, the smallest N-doped graphitic nanostructure (iii) from the experiments is used as a model system to explore the ORR. As mentioned previously, the trialkylphenyl group is replaced with a hydrogen in the calculations. In the interest of maintaining the largest contiguous conjugated π system in the graphitic portion of the molecule, only edge carbons are considered for oxygen binding. Covalent binding of oxygen to a carbon atom will change its sp 2 hybridization to sp 3 , and should be less favorable in the interior of the molecule. Only a few of the carbon sites tested were able to converge to a structure where a C-O bond is formed. Of the few sites that did yield such a structure, an unfavorable reaction free energy (ΔGr) on the order of +1.2 eV was obtained. This suggests that nitrogen atoms do not sufficiently withdraw electrons from local carbon atoms to generate a reactive electropositive oxygen binding site.
Since triplet oxygen does not lead to efficient binding, a spin flip during oxygen binding was considered to produce a product in the singlet state. This did yield an interesting result when the O2 binds to iii, as shown in Fig. 2 . An endoperoxide, i.e., a peroxide bridge, was formed. In the study of oxygen activation on ORR catalysts, oxygen can bind in either an end-on fashion, or in a side-on fashion [21] . Typically the side-on binding is mostly seen in metal catalysts, but the endoperoxide described here is remarkably similar. Side-on binding is often preferred for ORR because it facilitates subsequent O-O bond cleavage, ensuring a four-electron pathway. However, this spin flip is a forbidden transition, though there is literature showing it does occur in a neutral polyaromatic hydrocarbon, helianthrene [22] . It is known to react easily with singlet oxygen to form an endoperoxide, but there also appears to be some evidence to support that the same product can be made through a reaction with triplet oxygen. The spin inversion is assisted through a steric strain between two C-H groups that causes two of the rings to be pushed out of plane. The formation of the endoperoxide relieves the molecule of this massive strain and facilitates the spin inversion. However, no such steric strain exists in our model N-doped graphene structure, and the calculated ΔGr = +0.51 eV, relative to triplet dioxygen in the reactants. This an unfavorable reaction that can be ruled out. Nevertheless, the concept of spin inversion is revisited later in this article with the structure labeled 4 in Figure 2b . 
Oxygen binding to the reduced N-doped graphitic nanostructure
Calculations so far have indicated that it is unlikely that the N-doped graphene molecule can activate triplet oxygen by itself. Experimentally, there is an onset potential of −0.4 V required to initiate the ORR. This potential was not considered thus far as a part of the oxygen activation process, but perhaps it is required to reduce the catalyst itself to enable oxygen activation. A single carbon site, C6, was chosen and various combinations of added protons and electrons were tested for oxygen binding. The chosen C6 site is on the edge of the nanostructure allowing access to the approaching oxygen while still being close to the location of the nitrogen atoms. Thus, intermediates containing peroxyl or hydroxyl groups would be able to form an intramolecular hydrogen bond with one of the nitrogen atoms. Given that the ORR experiments are under basic conditions, no protonated cationic species were tested for oxygen binding. Table I lists the reduced species, their calculated reduction potentials, their ability to bind oxygen, and the multiplicity of the bound oxygen intermediate. It was found that the binding of O2 with intermediates that had NH groups were more stable, and the hydrogen atom transferred to the terminal oxygen upon binding. This allows any radical or negative charge to be stabilized by delocalization onto the large conjugated domain of the catalyst. Reducing the catalyst with one electron shows an improvement of approximately 0.5 eV over iii in its non-reduced form. Once reduced, the graphitic nanostructure becomes a radical and can pair spins with the oxygen to make a doublet. Reducing the catalyst with a proton-coupled electron transfer improves the binding further, most likely due to the stabilization from protonation. For the two-electron reduced species, the anion shows better oxygen binding. The conjugation of the catalyst allows the negative charge to be delocalized over several carbon atoms, generating partial carbanionic sites. The improved binding of the singlet anion over the neutral singlet indicates the importance of carbanionic sites for oxygen activation by a singlet catalyst.
All of the reduced intermediates so far have not actually shown favorable oxygen binding, but the addition of a third electron finally shows favorable oxygen binding. The neutral three-electron reduced catalyst shows more favorable oxygen binding compared to the deprotonated anionic counterpart. However, despite the thermodynamically favorable oxygen binding found in the three electron reduced catalysts, the reduction potentials are far too negative. The reduction of dioxygen to superoxide occurs much more positively at −0.57 V vs SCE, which means that oxygen would be reduced by brute force before such a reactive graphitic nanostructure is generated. All of the reduction potentials for these intermediates are quite negative, but this will be discussed further after we analyze the known experimental results to provide additional guidance.
Experimental results assist in determining the reactive intermediate responsible for activating oxygen. Differential pulse voltammetry of iii was used to obtain reduction potentials of the Ndoped graphene nanostructures over a pH range of 1-14 in anoxic conditions [23] . This produces a Pourbaix diagram, which delineates the ranges of applied potential and pH value for the relevant electrochemical species to be thermodynamically stable. The slope of the lines representing the boundaries of these species gives the ratio of protons to electrons transferred in that electrochemical step. At a pH of 13, a peak at −0.4 V vs SCE is present, coinciding with the onset potential of the ORR. This point in the Pourbaix diagram belongs to a line with a slope of approximately −0.30 V/pH unit, indicating a 2e − ,1H + electrochemical process, producing 4 in Figure 2b . This suggests that such a reduced, anionic catalyst is responsible for activating oxygen. It is important to note that due to experimental limitations these experiments report on peak potentials, which do not correspond to the equilibrium reduction potentials which should be more negative. The peak potentials are subject to kinetic effects, e.g., Marcus kinetics from solvent reorganization, which shifts the peak potential negatively from the equilibrium potential [24] . Nevertheless the −0.30 V/pH slope obtained strongly indicates a 2e − ,1H + electrochemical process. Calculated reduction potentials for the 2e − ,1H + process of iii is more negative by 0.7 V than the observed peak potentials of iii and thus even more negative than its equilibrium potentials. This may be attributed to the discrepancy between the theoretical model we applied and the real state of the catalytic system. In the experiments, the catalyst iii is deposited as an insoluble solid layer on the electrode, while our calculations employ a solvation model, which suggests complete surrounding of the nanostructure with solvent molecules. We speculate that error cancellation between neutral and anionic species in the implicit solvation models may be insufficient, while cancellation between species of the same charge may be more acceptable. The SMD model is parameterized on a set of small molecules under homogeneous conditions, and may not capture the same solvation effects of our heterogeneous system. Improving the results of reduction potential calculations is under consideration for future endeavors.
Oxygen activation by a 2e − , 1H + reduced intermediate with a spin inversion
Nature can provide some guidance for this complicated electrochemical system. A molecule called flavin, a nitrogen containing heterocycle, has similar nitrogen functionalities to the N-doped graphene nanostructure. Flavin undergoes a 1H + , 2e − reduction and activates dioxygen [25, 26] . The uracil moiety of flavin stabilizes the negative charge, allowing the anionic form to persist in biological conditions. The negative charge can interact with the C=C bond to generate a carbanion, that can act as a nucleophile and attack dioxygen. This anionic oxygen-bound species then undergoes a protonation. The reaction scheme and structures are shown in Figure 3 . During the oxygen binding, a spin flip occurs to generate an oxygen-bound product in the singlet state. The spin inversion normally requires heavy atoms to assist [27, 28] , but the presence of the nitrogen atoms introduces a mixing of nonbonding and π orbitals [27, 28] that in turn facilitates the spin inversion. In the case of the N-doped graphene nanostructures, the large degree of conjugation decreases the exchange interaction between the electrons, effectively decreasing the singlet-triplet splitting. This increases the mixing of the triplet and singlet states and further promotes the spin inversion [28] [29] [30] . The aromaticity in the graphene nanostructure promotes the delocalization of the negative charge therein, stabilizing carbanionic sites. Using both the observed slopes of the Pourbaix diagram and the similarities between the N-doped graphitic nanostructure and flavin, we conclude that the 1H + ,2e − reduced species of iii (i.e., 4) is likely a candidate for oxygen activation through a spin inversion. The stabilized carbanionic sites in 4 can be visualized through the molecular orbital coefficients of the highest occupied molecular orbital (HOMO). They are considered as potential binding sites for oxygen. This can be considered qualitatively through resonance structures, and the agreement with the directly calculated HOMO is excellent (Figure 4) . The same restriction of edge-only carbon sites is still imposed to consider the reactivity with oxygen. Several of the carbon sites indeed show favorable oxygen binding with a spin inversion ( Figure 5 ). The favorable sites are all in close proximity of the NH group, potentially allowing for a proton transfer from the nitrogen to the oxygen. The transfer of this proton maintains the charge on the conjugated domain of the molecule, leading to significant stabilization (e.g., Fig. 5a-c) . The oxygen binding forms a peroxygraphene anion (5), which is the most stable when bound to C4 (Fig. 5a , ΔGr = −0.40 eV) [23] . The carbon sites in the resonance structures that allow a proton transfer from the nitrogen atom to the oxygen atom are shown in Figure 5a -c. When this proton transfer occurs, the hydrogen of the peroxyl group forms an intramolecular ionic hydrogen bond with the nitrogen atom, imparting extra stability. The importance of the intramolecular ionic hydrogen bond, which has been known to have bond energy up to 1.5 eV [31] , is demonstrated for the structures shown in Figure 6e and f, corresponding to oxygen binding to C5ʹ and C7ʹ, respectively. These two sites have carbanionic character through resonance, but both reactions are unfavorable because there is no intramolecular ionic hydrogen bond (ΔGr = +2.16 eV and ΔGr = +0.63 eV, respectively). Figure  6d shows oxygen bound to C5, which allows an intramolecular hydrogen bond with the nitrogen atom, but does not correspond to a carbanionic site in the resonance structure of 4. This lack of carbanionic character of C5 causes oxygen binding to be less favorable on that site (ΔGr = −0.05 eV). Since the oxygen activation mechanism described here requires an anionic form, we do expect a direct pH dependence during oxygen activation. Experimentally, the ORR activity of iii is negligible at a pH of 11. This is attributed to the protonation of 4, to yield a neutral molecule that is incapable of activating oxygen. To confirm this, oxygen binding was tested for the neutral molecule for the most stable sites seen for the anionic form (see Figure 5g and h). In each case, the binding is found to be unfavorable by more than 0.5 eV.
The peroxyl group in 5 can adopt several conformations, as shown in Figure 6a -c. The difference between these conformations is the orientation of the peroxyl group, but will be referred to as the outer, inner, and cross H-bond conformers. The inner and outer H-bond conformers are practically equal in energy, while the cross H-bond conformer has slightly higher energy. These conformations are expected to play a role in the subsequent steps of the ORR. 
CONCLUSIONS
In summary, oxygen activation for this N-doped graphene nanostructure requires an initial reduction to the catalyst and a spin inversion during oxygen binding. For the starting catalyst, iii, the interaction with oxygen in the triplet or singlet forms does not lead to significant binding. Given the electrochemical nature of the experiments, electrochemical reduction of the catalyst was considered to generate a reactive intermediate to activate oxygen. Using the experimental guidance from the observed pH-dependence of our catalyst via a Pourbaix diagram, and previous experimental studies on a related N-containing biomolecule Flavin, we suggest that the catalyst (iii) is reduced to generate a reactive carbanion (4), undergoes a nucleophilic attack on oxygen with a spin inversion to activate it, leading to the formation of a peroxygraphene 5. 
